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The rate of oxygen surface exchange on selected bulk oxides exhibit ing enhanced oxygen ion conduc- 
t i v i ty  has been derived by measuring 180 penetration prof i les using a high sens i t iv i ty  dynamic 
SIMS technique. These values for the oxygen surface exchange coeff ic ient  (K) were used to derive 
the steady-state oxygen fluxes through the oxide surface for conditions when the bulk oxide was in 
equil ibrium with I atm. of oxygen at 500 and 700°C. The oxygen fluxes were transformed into cur- 
rent fluxes and compared with available exchange current densities (i o) measured using electro- 
chemical techniques. The two sets of current densities exhibited large differences for zirconia 
based electrolytes which confirmed the important role of platinum as an electro-catalyst .  However 
for bismuth based electrolytes good agreement was noted between the two sets of i o values. I t  was 
concluded therefore that the dissociative adsorption of oxygen occurred predominately on the sur- 
face of the Bi203 based electro lyte and that the presence of a metal electrode (Pt or Au) had 
l i t t le  effect upon the overall exchange current kinetics. 
I. INTRODUCTION 
A s igni f icant  and largely unexplored phenome- 
non in the performance of oxides used in elec- 
trochemical devices is the oxygen exchange mech- 
anism operative at the relevant gas/solid inter-  
face. The rate of exchange of oxygen between 
the gas phase and the surface of an oxide elec- 
t ro lyte  or electro-catalyst  can be the rate de- 
termining step in the overall electrode kine- 
t ics.  I t  is possible to determine the rate of 
oxygen surface exchange on bulk oxide surfaces 
by measuring 180 penetration prof i les using a 
high sens i t iv i ty  dynamic SIMS technique I. 
Values for the oxygen surface exchange coef f i -  
cient (K) derived from these measurements can 
be transformed into current fluxes and compared 
with parameters derived from standard electro- 
chemical techniques. The performance of oxide 
e lectro-cata lyt ic  materials can also be depen- 
dant upon the rate of oxygen surface exchange 
as the overall catalyt ic  process may involve 
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l a t t i ce  oxygen. An example is provided by par- 
t ia l  oxidation reactions 2 and other reactions 
such as the oxidation of CO 3. 
2. EXPERIMENTAL 
2.1. Preparation of samples 
Yttr ia stabi l ised zirconia (YSZ) single crys- 
tals containing 16 mole % Y203 prepared by the 
skull melting technique (Ceres Corp., Waltham, 
Mass., U.S.A.) were oriented by back ref lect ion 
Laue to give <100> surfaces. The oriented 
crystals were prepared as thin (~ 2mm) square 
(10 x 10mm) slices and the <100> surface was 
polished with successive diamond abrasives dowr 
to I/4 wm. The slices were subjected to a 
variety of annealing procedures prior to the 
isotopic exchange experiments. 
Details of the preparation of the polycrys- 
ta l l ine  ceramic samples in Tables I and 3 fab- 
ricated at the University of Twente (UT) have 
been reported elsewhere 3'4. The Bi203-Er203 
B. CH. Steele et al. / Oxygen surface exchange and diffusion 1039 
(or Y203 ) ceramic samples referred to in Table 
2 were prepared by mixing Bi203 and Er203 (or 
Y203 ) powders, followed by a calcination at 
700°C. The agglomerated powders were milled in 
isopropanol, i sos tat ica l ly  pressed, and the 
samples sintered at temperatures between 750 
and 800°C. All the ceramic samples had a den- 
s i ty  greater than 95% of the theoretical value. 
Investigations by Auger electron spectroscopy 
(AES) indicated that surface segregation did 
not occur on zirconia based materials i f  a 
freshly prepared surface (e.g. fracture surface 
or polished surface) was annealed at tempera- 
tures lower than 600°C for 60 hours 6. Prelim- 
inary measurements uggest that a s imi lar  s i tu-  
ation prevails for the bismuth based materials 
heated for 10 hours at 600°C. 
2.2. Dynamic SIMS experiment 
Details of the experimental technique invol-  
ving 180 isotopic exchange and subsequent de- 
termination of the 180 penetration prof i le  in 
oxide samples has been described elsewhere I .  
All the oxide samples were annealed in pure 
(1602 ) at the temperature used for the oxygen 
isotopic exchange measurements. The oxide 
sample was quenched by rapid removal of the sur- 
rounding furnace and the 1602 oxygen gas pumped 
away. Enriched 1802 ( typ ica l ly  70-90%) was 
then introduced into the reaction tube and the 
furnace, already maintained at the appropriate 
temperature, was rapidly placed in position 
around the reaction tube thus in i t ia t ing  the 
180/160 exchange reaction. After an appropri- 
ate diffusion anneal (usually 30-60 mins) the 
exchange reaction was terminated by removal of 
the furnace. The sample was transferred to the 
high vacuum chamber of the dynamic SIMS appara- 
tus and the prof i le  determined by measuring the 
180/160 + 180 rat io  as a function of depth. A 
quadrupole equipped Atomika A-DIDA R-2010 in- 
strument was used for the prof i le  measurements 
which involved analysing the isotopic concen- 
trat ion of the 180 tracer using negative ion 
SIMS and simultaneous bombardment with a low 
energy electron beam to provide charge compen- 
sation I .  The depth scale on the prof i le  is ob- 
tained by measuring the crater after analysis 
using an optical interferometer or Talystep 
instrument. The sputter rate is then assumed 
to be constant throughout the analysis which is 
an appropriate assumption for single crystals 
and for cubic isotropic polycrystal l ine materi- 
als. 
3. RESULTS 
Under the conditions used for the exchange 
anneal, the solution to the diffusion equation 
corresponds to a semi- inf in i te medium, however, 
the boundary conditions are related to the rate 
of transfer of the diffusing species across the 
surface. The assumption made is that the rate 
of exchange is proportional to the difference 
between the concentration in the gas Cg and the 
concentration in the surface C s at any time. 
This boundary condition is expressed by, 
-D(dC/dX)x=o=K(Cg-Cs ), ( I )  
where D denotes the sel f  diffusion coeff ic ient.  
The solution to the diffusion equation in this 
case is as follows 
C x ~(C-Cbg)/(Cg-Cbg) = erfc [x/2(Dt) ½] 
- exp (hx + h2Dt) erfc [x/2(Dt) ½ + h(Dt) ~] (2) 
where C is the isotopic concentration at depth 
x, Cbg is the background isotopic concentration, 
K is the surface exchange coeff ic ient ,  t is the 
diffusion time and h=K/D. Note that for large 
values of h(Dt) ½ then the rhs of eqn. (2) can 
be simpli f ied to: 
C x = erfc [x/2(Dt) ½) (3) 
All the oxide samples examined in the present 
investigation were oxygen ion conductors exhib- 
i t ing re la t ive ly  high oxygen ion diffusion co- 
e f f i c ients .  Accordingly the rate of 180/160 ex- 
change between the gas phase and solid oxide was 
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l imi ted by the k inet ics  of the surface exchange 
process and not the d i f fus ion  coef f i c ient  of ox- 
ygen wi th in  the so l id .  
A typical  p ro f i l e  obtained for  a sample of 
NdgCegO 7 is shown in Fig. I .  The change in the 
i~  ~ . ~0 concentration in the gas phase (~ 90%) to 
that  in the oxide surface (~ 2%) is c lear ly  ev i -  
dent and ind icat ive  of surface exchange contro l .  
Accordingly the data were analysed using equa- 
t ion 2 and values derived for  K, the surface ex- 
change coef f i c ient ,  and D, the oxygen se l f  d i f -  
fusion coef f i c ient .  These values are summarised 
in Tables I ,  and 2. 
0.03 
Nd2Ce207 
_o 
• 30  ra in ,  /~25°C 
ev  
o.ol 
0 I I I 
0 I 2 3 /, 
DEPTH (pro) 
FIGURE I 
Experimental SIMS data. 
4. DISCUSSION 
4.1. Comparlson with electrochemical k inet ics 
The f lux  of 180 from the gas to the so l id  
oxide surface is given by the expression, 
J = K (Cg - Cs), (4) 
where K is the oxygen surface exchange coef f i -  
c ient ,  and Cg, C s are the concentrations of 180 
in the gas and so l id  phases, respect ive ly .  
Many steps, e.g. adsorption, d i ssoc ia t ion ,  sur- 
face d i f fus ion ,  charge t rans fer ,  incorporat ion 
into la t t i ce  anion vacancy, etc. are associated 
with the surface exchange of oxygen and in pr in-  
c ip le ,  at least ,  any one of these steps can be 
rate cont ro l l ing .  The overal l  mechanism can be 
represented by the equation, 
~1802 + 2e' + V~" ~ 1800x (5) 
The present isotopic  exchange experiments were 
conducted under condit ions when the oxide sur- 
face was believed to be in thermodynamic equ i l i -  
brium at the anneal temperature with oxygen gas 
at 1 atm. The value of the surface exchange co- 
e f f i c ient  (K) therefore refers to the equ i l i -  
brium s i tuat ion .  
• x 
~02 + 2e' + V& ~ 00 (6) 
In the absence of any dr iv ing force (e.g. chem- 
ical  or electrochemical potent ia l  grad ient) ,  
equal but opposite oxygen f luxes between the 
gas and so l id  oxide maintain the equi l ibr ium 
s i tuat ion .  This s i tuat ion  could correspond to 
i o, the exchange current density,  i f  the pre- 
sence of the electrode material  did not in f lu -  
ence the k inet ics of react ion 6. This assump- 
t ion would imply that the electrode is funct ion- 
ing as a current co l lec tor  only ( i .e .  source 
and sink of electrons) but has no cata ly t i c  
ro le .  I t  is appropr iate,  therefore ,  to compare 
the current f luxes derived from the present 
oxygen exchange measurements with exchange cur- 
rent densit ies obtained from electrochemical in- 
vest igat ions.  Accordingly oxygen f luxes were 
calculated using a s imp l i f i ed  version of eqn. 
(4),  i . e .  
J = K C s, (7) 
As C is approximately 1026 atoms/m 3 and C has 
g 1028 s values around atoms/m ~ i t  is acceptable for  
this prel iminary analysis to neglect Cg. 
The relevant current f luxes are then calcu- 
lated using the expression, 
i (A/m 2) = 2.e. J .  (8) 
Typical values obtained are discussed in the 
fo l lowing sections. 
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4.1.1.  Zirconia based e lect ro ly tes  
TABLE I 
Selection of oxygen surface exchange (K) and oxygen d i f fus ion  (D) data for  z i rcon ia  based e lect ro ly tes  
Specimen Source 
(ZrO2)o.84(Y203)O.16 IC (SC) 
(ZrO2)o.84(Y203)O.16 IC (SC) 
(Pt coated ref .  5) 
(ZrO2)o.84(Y203)O.16 IC (SC) 
YSZ UT (PC) 
(ZrO2)o.84(Y203)O.16 IC (SC) 
(Bi implant ref .  5) 
vsz UT (PC) 
(Fe implant ) 
vsz UT (PC) 
(Fe implant ) 
Temp(°C)/Time(mins) k(m/s) D (m2/s) 
500/30 2 x 10 -11 7 x 10 -15 
500/30 4 x 10 -11 1.4 x 10 -14 
700/30 3 x 10 -11 2 x 10 -13 
700/30 6 x 10 -11 2.5 x 10 -13 
700/30 1.6 x 10 -10 1.4 x 10 -12 
700/30 3.2 x 10 -11 4.0 x 10 -14 
700/30 3.4 x 10 -10 3.3 x 10 -13 
IC - Imperial College, UT - University of Twente, SC - single crystal, PC - polycrystalline. 
* 10 wA at 110KV - to ta l  dose 18 x 1016 Fe 
** 1016 • 4.5 NA at 15 KV - to ta l  dose 18 x Fe (less damage . more e f fect  on K and D not lowered 
so much). 
Reference to Table I indicates that at 700°C 
(973°K) typical values derived for K for zir- 
conia based electrolytes are 10-11m/s. This 
value would indicate an i value of approximate- 
o -6 
ly 3 x 10-2A/m 2 (i.e. 3 x I0 A/cm2). Inspec- 
tion of the electrochemical measurements per- 
formed by Verkerk et al 4 suggests that this i o 
value is approximately 10 ~ times too low to 
account for the observed I-V characteristics 
which involved platinum electrodes. This con- 
clusion is in accordance with the analysis of 
Verkerk et al 4 who suggested that at high oxygen 
partial pressures oxygen molecules are dissoci- 
ately adsorbed onto the platinum electrode. The 
rate controlling step for reaction (6) was be- 
lieved to be the diffusion of the adsorbed oxy- 
gen ions on the platinum surface to sites where 
they could be incorporated into the oxide lat- 
tice. 
It  would appear therefore that the presence 
of porous platinum electrodes on zirconia elec- 
trolyte increases the rate of oxygen exchange in 
the absence of external driving forces by about 
a factor of 1000 at 700°C compared to the magni- 
tude of the flux calculated using values for the 
oxygen surface exchange coefficient derived from 
the isotopic exchange measurements. Accordingly 
the oxygen surface exchange coefficient has been 
measured on <100> surfaces of (Zr02)0.84 
(Y203)0.16 single crystals which had been sput- 
tered with platinum. These experiments have al- 
ready been reported 5 and i t  was noted that the 
presence of platinum did enhance the value of K, 
the oxygen exchange coefficient, by a small fac- 
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tor (~ 2) but no dramatic increase was noted as 
expected from the electrochemical measurements 4.
The re la t ive ly  small increase of K noted in the 
isotopic exchange experiments needs further in- 
vest igation, in which part icular attention is 
paid to the role of segregation which is known 
to influence electrode kinetics 6'7. 
Additional surface exchange experiments were 
also conducted on YSZ samples ion implanted with 
Fe. Reference to Table I indicates that the 
presence of iron at the surface can influence 
the surface exchange coeff ic ient values at 700°C. 
The magnitude of the effect appears to be depen- 
dant upon the experimental conditions associated 
with the implantation procedure, and further 
work is in progress to determine the role of the 
various parameters. I t  appears that at high 
oxygen pressures (I atm P02), at least,  the pre- 
sence of iron at this concentrations would have 
l i t t le  effect upon the electrode kinetics. How- 
ever further investigations are necessary as i t  
is possible to obtain higher Fe concentrations 
by ion implantation, and i t  is also important to 
study the influence of the radiation damage as- 
sociated with the ion implantation process 8. 
4.1.2. Bismuth oxide based electrolytes 
Values for K and D derived from isotopic ex- 
change experiments on polycrystal l ine Bi203-Y203 
and Bi203-Er203 samples are reported in Table 2. 
Examination of these data immediately reveals 
the s ign i f icant ly  higher (102 - 104 ) values for 
the oxygen surface exchange coef f ic ient  on sur- 
faces of Bi203 based electrolytes compared to 
zirconia based electrolytes (see previous sec- 
t ion) .  For example at 700°C on 
Bio.775Ero.22501. 5 samples a value of 10 -7 m/s 
was derived for K. This value corresponds (see 
section 4.1.) to an exchange current density of 
32 mA/cm 2 assuming charge-transfer to be the 
rate determining step. Using the electrochemi- 
cal results of Verkerk et al 4 for a single ex- 
periment i t  is possible to derive a value of 
15-25 mA/cm 2 for an apparent exchange current 
density assuming that 100% of the geometric el- 
ectrode surface is electro-act ive.  The exchange 
current densities derived from the surface ex- 
change measurements and electrochemical data 
4 are in good agreement. Verkerk et al also ob- 
served that replacing platinum by gold elec- 
trodes had l i t t le  effect upon the electrode kin- 
et ics,  and that the electrochemical results were 
best interpreted by assuming that the active 
s i te for adsorption was associated with the pre- 
3+ . sence of Bi ions on the surface of the 
Bi203-Er203 solid e lectro lyte.  The metal elec- 
trode (Pt or Au) was not pr inc ipal ly  responsible 
for the dissociative adsorption of oxygen which 
predominately occurs on the surface of the 
Bi203 based e lectro lyte.  The isotopic oxygen 
exchange results are in accordance with this 
interpretat ion and suggest that the role of any 
metal electrode is mainly confined to that of 
current col lect ion.  Clearly the optimum elec- 
trode configuration is l i ke ly  to be d i f ferent  
for Bi203 and ZrO 2 based electrolytes in view 
of the d i f ferent  sites proposed for dissocia- 
t ive adsorption. 
3+ . As the presence of Bi ions appeared to 
have a very s igni f icant  influence upon the rate 
of oxygen exchange some preliminary experiments 5 
were conducted in which Bi 3+ ions were im- 
planted into the surface of y t t r ia  stabi l ised 
zirconia (YSZ) electrolytes.  A typical depth 
prof i le  of 209Bi implanted ions as determined 
by SIMS is reproduced in Fig. 2 and i t  w i l l  be 
noted that a surface concentration of approxi- 
mately 0.1 - 0.5% Bi was obtained. The oxygen 
surface exchange coeff ic ient  values determined 
for these samples (Table I) show a s igni f icant  
increase of about one order of magnitude com- 
pared to the untreated YSZ samples. These re- 
sults appear to confirm that the presence of 
Bi 3+ ion at oxide surfaces increases the rate 
of oxygen exchanges. This observation is very 
important for catalyt ic  processes. 
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TABLE 2 
Selection of oxygen surface exchange (K) and oxygen dif fusion (D) data for bismuth oxide based elec- 
t ro lytes.  
Specimen Source Temp(°C)/Time(mins.) K (m/s) D (mZ/s) 
UT (pc) 500/30 3 x 10 -10 5 x 10 -12 Bio.75Ero.2501.5 
Bio.775Ero.22501. 5 UT (pc) 500/30 3 x 10 -10 4 x 10 -12 
UT (pc) 500/30 9 x 10 -10 Bio.75Yo.2501.5 
Bio.775Ero.22501.5 UT (pc) 700/30 I x 10 -7 4 x 10 -9 
UT (pc) 700/30 5 x 10 -9 9 x 10 "12 Bio.75Yo.2501.5 
UT - University of Twente, pc - polycrystal l ine.  
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FIGURE 2 
The depth pro f i le  of 209Bi implanted into YSZ 
at an energy of 150 keV and a dose of 
5 x I015/cm 2. Shown here are the intensit ies 
of the 209Bi+ and 90Zr+ ions. 
5. CONCLUSIONS 
The steady state oxygen f lux across selected 
gas/solid oxide e lectro lyte interfaces derived 
from isotopic penetration prof i les (using SIMS) 
and exchange current densities (using electro- 
chemical measurements) have been compared. The 
two sets of data were very d i f ferent  for z i r -  
conia based electrolytes which confirmed the 
important role of platinum as an electro- 
catalyst. In contrast good agreement was noted 
between the two sets of data for bismuth based 
electrolytes.  I t  was concluded therefore that 
the dissociative adsorption of oxygen occurred 
predominately on the surface of the Bi203 based 
e lectro lyte and that the presence of a metal 
electrode (Pt or Au) had l i t t le  influence upon 
the electrode kinetics. The measurement of ox- 
ygen surface exchange coeff ic ients can there- 
fore provide additional insight into the rate 
control l ing mechanism associated with the oxi-  
dation and reduction of oxygen on oxide elec- 
t ro lyte  surfaces. Determination of the surface 
exchange coeff ic ient  using SIMS can also often 
provide information about 'near surface' anoma- 
l ies such as segregation and surface damage. 
This information can also be used to assist in 
the interpretat ion of electrochemical electrode 
kinetic data. 
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